Background: Extremely premature neonates suffer high morbidity and mortality. An artificial placenta (AP) using extracorporeal life support (ECLS) is a promising therapy. Objectives: We hypothesized that intratracheal perfluorocarbon (PFC) instillation during AP support would reduce lung injury and promote lung development relative to intratracheal amniotic fluid or crystalloid. Methods: Lambs at an estimated gestational age (EGA) 116-121 days (term 145 days) were placed on venovenous ECLS with jugular drainage and umbilical vein reinfusion and intubated. Airways were managed by the instillation of amniotic fluid and tracheal occlusion (TO; n = 4), or lactated Ringer's (LR; n = 4) or perfluorodecalin (a PFC) without occlusion (n = 4). After 7 days, the animals were sacrificed. Early (EGA 116-121 days) and late (EGA 125-131 days) tissue control lambs were delivered and sacrificed. Lungs were formalin-inflated to 30 cm H 2 O and sectioned for histology. Injury was scored by an unbiased pathologist. Slides were immunostained for PDGFR-α and α-actin; development was quantified by the area fraction of double-positive tips. Surfactant protein-C (SP-C) concentration in bronchoalveolar lavage fluid was quantified using ELISA. Results: Total injury scores were lower in PFC lungs (1.8 ± 1.7) than in TO (6.5 ± 2.1; p = 0.01) and LR lungs (5.5 ± 2.4; p = 0.01). The area fraction of double-positive alveolar tips appeared higher in PFC lungs than in TO lungs (0.18 ± 0.007 vs. 0.008 ± 0.004; p = 0.07). SP-C concentration was higher in PFC lungs than in TO lungs (37.9 ± 7.6 vs. 20.0 ± 5.4 pg/mL; p = 0.005), and both early (12.4 ± 1.7 g/mL; p = 0.007) and late tissue control lungs (15.1 ± 5.0 pg/mL; p = 0.0008). Conclusion: During AP support, intratracheal PFC prevents lung injury and promotes normal lung development better than crystalloid or amniotic fluid with TO.
Introduction
Premature neonates born at ≤28 weeks estimated gestational age (EGA) suffer high morbidity and mortality, with survival of < 50% at < 24 weeks [1] . The immaturity of multiple organ systems contributes to this morbidity, DOI: 10.1159/000486387 mostly notably the lungs [2] [3] [4] [5] . Though potentially lifesaving, mechanical ventilation, the current standard of care for respiratory support of these premature newborns, is often inadequate for survival and may even be harmful, leading to pulmonary injury and arrested lung development [6] [7] [8] .
A solution to this problem would be an artificial placenta (AP) consisting of 4 components: (1) extracorporeal life support (ECLS), (2) fluid-filled lungs, (3) avoidance of mechanical ventilation, and (4) the preservation of fetal circulation. Given that pulmonary morbidity decreases with increasing gestational age [2] , the goal of the AP is to allow premature lungs to develop to the point where they can provide adequate gas exchange to support the neonate. We have previously demonstrated that the AP can support otherwise moribund premature lambs for > 7 days [9] , and that lung development continues during this support [10, 11] .
During these early experiments, lambs were intubated and the endotracheal tube (ETT) filled with amniotic fluid, and then clamped to emulate tracheal occlusion (TO), which has been shown to induce lung growth and development prenatally in fetuses with congenital diaphragmatic hernia (CDH) [12, 13] . We questioned whether alternative methods of airway management would cause less lung injury and promote development. Specifically, Fig. 1 . Schematic of the artificial placenta. Blood is drained from the right jugular vein by a collapsible-tubing roller pump (Mpump; MC3, Ann Arbor, MI, USA) and propelled to an oxygenator/heat exchanger (Medos HiLite, Xenios, Heilbronn, Germany), then returned via an umbilical vein. The second umbilical vein is accessed for IV fluid and medication administration, and an umbilical arterial line is placed for hemodynamic monitoring and blood gas sampling. The lamb is intubated and the lungs remain filled with either amniotic fluid, lactated Ringer's, or perfluorodecalin. Ao, aorta; DV, ductus venosus; IJV, internal jugular vein; IVC, inferior vena cava; RA, right atrium; SVC, superior vena cava. perfluorocarbons (PFCs) have been shown to encourage lung development, decrease injury, and increase surfactant production [14] [15] [16] [17] [18] . We hypothesized that intratracheally instilled PFC would result in greater lung development and less injury than alternative methods, including TO, during support with an AP.
Methods
The sheep in this experiment were treated in compliance with the Guide for the Care and Use of Laboratory Animals (US NIH). The methods were approved by the University of Michigan Institutional Animal Care and Use Committee (protocol No. 00007211).
AP Support
Premature lambs of EGA 118 ± 3 days were delivered via laparotomy and hysterotomy. This EGA was selected because lung development at this stage is analogous to that of a 24-week human fetus [9] . Cannulas (10-14 french; Terumo, Ann Arbor, MI, USA) were placed in the right jugular (drainage) and umbilical (reinfusion) veins, and the circuit was completed using 1/4 tubing (Tygon: Lima, OH, USA), a roller pump (M-pump; MC3, Ann Arbor, MI, USA), and oxygenator/heat exchanger (either Capiox Baby Rx, Terumo, or Medos HiLite, Xenios, Heilbronn, Germany; Fig. 1 ). Venovenous (VV) ECLS was initiated. A 5-french triple-lumen venous line was placed in the second umbilical vein for administering IV fluids and medications, and a 5-french umbilical arterial line (both lines from Covidien-Medtronic; Minneapolis, MN, USA) was placed in the umbilical artery for hemodynamic monitoring and arterial blood gas (ABG) sampling.
The lambs were intubated. The airway was then managed by 1 of 3 strategies: instilling a PFC, i.e., 100% perfluorodecalin (Origen; Austin, TX, USA) into the ETT (n = 4), instilling lactated Ringer's (LR) into the ETT as a neutral crystalloid solution (n = 4), or instilling amniotic fluid followed by ETT clamping, i.e., TO (n = 4). In the PFC and LR groups, the ETT was attached to a pressure-transducing line which allowed for breathing movements and the measurement of airway pressure (maintained at 4-8 mm Hg), but did not allow for gas exchange. In the TO group, clamping of the ETT resulted in static fluid within the airways (the ETT was not opened to prevent depressurization and/or the introduction of air). ECLS was managed according to goal ABG parameters: pH 7.30-7.45, pCO 2 35-50 mm Hg, pO 2 25-35 mm Hg, and SpO 2 60-75%. Echocardiography was performed 3 h after the initiation of AP support, to confirm ductal patency. AP support was continued for the proposed 7 days in all groups. The lambs were given total parenteral nutrition, empiric piperacillin-tazobactam (100 mg/kg), and solumedrol (0.63 mg/kg) at regular intervals. They were also anticoagulated with IV heparin titrated to an activated clotting time of 200-250 s, and given prostaglandin E 1 (0.02 μg/kg/ min) to maintain ductus arteriosus patency.
Tissue Control Lambs
Early (118 ± 3 days EGA; n = 5) and late (128 ± 3 days; n = 5) tissue control lambs were delivered in the same way as AP lambs. They were immediately sacrificed for bronchoalveolar lavage (BAL) and tissue procurement.
Necropsy and Lung Preparation
Following sacrifice, lungs were procured. BAL of the right lower lobe was performed with 10 mL normal saline, followed by the aspiration of 4 mL of BAL fluid (BALF). BALF was centrifuged at 3,600 rpm for 15 min, and the supernatant was extracted for analysis. The left atrium was incised, and the pulmonary vasculature flushed with PBS plus EDTA via the pulmonary artery, followed by 10% formalin. The airways were inflated with 10% formalin via the trachea to a pressure of 30 cm H 2 O. The distal 2 cm of the left lower lobe was excised and sent for tissue processing. Transverse sections (5 μm) were cut from the left lower lobe for histopathologic evaluation and immunostaining.
Histopathology and Lung Injury
Slides were stained with hematoxylin and eosin (H&E) and evaluated by a single pathologist, in a blinded fashion, who assigned each an injury severity score [19] . Variables scored were alveolar and interstitial inflammation, alveolar and interstitial hemorrhage, edema, atelectasis, and necrosis. Each variable was scored on a scale of 0-4; no injury scored 0, and a point was added for every 25% of the field identified as injured, up to a score of 4 (100%).
Alveolar Development
Transition from the saccular to the alveolar stage of lung development in sheep begins at around 120 days of gestation [20, 21] . Accordingly, we assessed lung development by measuring the presence of platelet-derived growth factor receptor-α (PDGFR-α) and α-smooth muscle actin double-positive myofibroblasts, which serve as markers of alveolar development [22] . Lung sections were labeled with antibodies for PDGFR-α (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-α-smooth muscle actin (Cy3 conjugate, Sigma-Aldrich, St Louis, MO, USA). The anti-PDGFR-α was conjugated to AlexaFluor 488 N-hydroxy succinimidyl ester (Fisher Scientific, Hampton, NH, USA). Nuclei were visualized with Hoechst 33342 (Sigma-Aldrich). The tips of alveolar secondary crests were identified by the colocalization of PDGFR-α and α-actin [22] . An 18 × 13 point grid was laid over lung micrograph images using the public domain NIH Image program (http://rsb. info.nih.gov/nih-image). Alveolarization was quantified by calculating the ratio of points falling on double-positive alveolar tips to the total number of reference points (area fraction), with a larger area fraction signifying more advanced lung development. For each sample, five fields at ×40 magnification were used to calculate the area fraction, and these values were averaged.
Type II Pneumocyte Density and Surfactant Protein-C Production
Using immunohistochemistry, lung sections were labeled with polyclonal rabbit anti-prosurfactant protein C (anti-SP-C; Millipore #AB3786) with the development of color by using a Vecta- . PFC instillation resulted in better and more uniform inflation than in TO or LR lungs, similar to TC lambs of both gestational ages. f Lung slides were scored 0-4 for injury by a pathologist blinded to the experimental group in multiple categories, then summed for total injury scores. Significant differences in atelectasis were seen in lungs from PFC and TO lambs. PFC lungs had lower total injury scores than both TO and LR lambs. Mean ± SD. * p < 0.05 (ANOVA ELISA was used to quantify concentrations of SP-C in BALF samples, as SP-C is a key component in the surfactant's ability to decrease surface tension [23] . As BALF collection was adopted as part of our experimental protocol only later in the experiment, 2 lambs did not undergo BAL at necropsy (n = 3 for PFC and TO).
Statistical Analysis
Statistical analysis was performed using GraphPad Prism (GraphPad, La Jolla, CA, USA) and SPSS v22.0 (IBM Corp., Armonk, NY, USA). Comparisons were made using ANOVA. A p value < 0.05 was considered significant.
Results

Physiology of AP Support
Mean hemodynamic parameters and umbilical blood gas values are displayed in Table 1 . Heart rate and mean arterial pressure were within physiologic ranges for gestational age and ABG values fell within or near goal ranges. Echocardiography 3 h after initiating AP support revealed a patent ductus arteriosus in all lambs, including those who had received an initial PFC bolus. Echocardiography beyond day 1 of support was not possible in the PFC lambs as views were obscured by the distribution of PFC throughout the airways.
Lung Injury
Representative lung histology is pictured in Figure  2a -e. Qualitatively, PFC lungs appeared more uniformly inflated than TO and LR lungs. Lung histopathology from each lamb was scored by a pathologist in a blinded fashion. No alveolar or interstitial inflammation was observed in any sample from any group. Total injury differed between groups, with PFC lungs (1.8 ± 1.7) demonstrating lower injury than TO (6.5 ± 2.1; p = 0.01) and LR lungs (5.5 ± 2.4; p = 0.01; Fig. 2f) ; total injury was similar to that in both early and late tissue controls (1.4 ± 2.6 and 2.6 ± 3.1, respectively). Differences between groups appeared most pronounced in atelectasis (p = 0.004), with PFC lungs again resembling tissue control lungs, i.e., with lower atelectasis scores than either TO or LR.
Alveolar Development
Representative immunostained slides are displayed in Figure 3a -e. Red represents α-actin and green represents PDGFR-α; co-localization of both signals at the tips of alveolar secondary crests signify double-positive tips. Lungs in all 5 groups displayed these double-positive tips, but they were more evident in the PFC and LR lungs than in the TO lungs. LR lungs also displayed α-actin accumulation in the alveolar interstitium, a phenomenon not seen in PFC or TO lungs. The area fraction of doublepositive alveolar tips differed between groups (p = 0.03), with much of this driven by the difference in area fraction between PFC lungs (0.018 ± 0.007), TO lungs (0.008 ± 0.004; p = 0.07), and early tissue control lungs (0.009 ± 0.002; p = 0.09). Area fractions between PFC, LR, and late tissue control lungs appeared similar (Fig. 3f) .
Type II Pneumocyte Density and SP-C Production
Representative immunohistochemistry is displayed in Figure 4a -e, where type II pneumocytes are stained brown. PFC lungs demonstrated higher type II pneumocyte fractions (0.76 ± 0.10) than either TO (0.37 ± 0.17; p = 0.007) or LR (0.40 ± 0.10; p = 0.003) lungs and early (0.32 ± 0.09; p = 0.002)/late (0.30 ± 0.14; p = 0.001) tissue controls (Fig. 4f) . BALF samples were also analyzed for SP-C concentration, using ELISA to assess surfactant production (Fig. 4g) . PFC lungs exhibited higher SP-C concentrations than TO lungs (37.9 ± 7.6 vs. 20.0 ± 5.4 pg/mL; p = 0.005) and early (12.4 ± 1.7 pg/mL; p = 0.007)/ late (15.1 ± 5.0 pg/mL; p = 0.0008) tissue control lungs.
Discussion
An AP utilizing ECLS for gas exchange while maintaining fluid-filled lungs and fetal circulation could potentially decrease the high morbidity and mortality faced by extremely premature newborns. We have previously reported 10-day support of otherwise moribund extremely premature lambs with a transition to mechanical ventilatory support and ongoing lung development [10] . The goal of this study was to identify the optimal airway management strategy to promote lung development and avoid injury during support.
We found that intratracheal PFC reduced lung injury relative to TO or intratracheal crystalloid, most notably in reducing atelectasis. PFC also appeared to promote development relative to TO, manifested primarily in a significantly higher concentration of type II pneumocytes as well as in a trend toward greater alveolarization, as seen with higher area fractions of double-positive alveolar secondary crests. LR resulted in α-actin accumulation in the alveolar interstitium, a phenomenon associated with in- e Late TC lungs. All groups displayed double-positive tips; however, these were qualitatively more evident in PFC lungs than in LR or TO lungs. LR lungs also displayed α-actin accumulation in the alveolar interstitium (white arrows), a phenomenon not seen in PFC or TO lungs. f The ratio of double-positive tips falling on standardized grid points/total grid points represents the area fraction. The area fraction of double-positive tips differed between groups (p = 0.03, ANOVA), with fractions in PFC lungs appearing higher than in TO and early TC lungs, and similar to that in LR and late TC lungs. Mean ± SD. TO, tracheal occlusion; LR, lactated Ringer's; TC, tissue control; PFC, perfluorocarbon. jury usually associated with high-pressure ventilation; this was not seen in PFC lungs. Furthermore, PFC greatly enhanced SP-C secretion relative to tissue controls, likely driven by the higher density of type II pneumocytes. The use of PFC was thus found to be the optimal airway management strategy during AP support.
Pulmonary morbidity is the hallmark of many neonatal diseases, including prematurity, respiratory distress syndrome, and CDH. CDH has been the subject of significant research investigating strategies that accelerate lung development in utero, that we felt could also potentially be employed to promote lung development during AP support. The most studied of these is fetal TO. Taking advantage of the secretory nature of the fetal lungs, TO has been found to reverse the hypoplastic effects of CDH in animal and human fetuses [13, 24] . However, TO has also been found to decrease type II pneumocyte density and surfactant production [25, 26] . In our early experimentation with the AP, the benefit of TO was limited, as it did not promote lung development as we had expected, and actually appeared to cause injury and suppress surfactant production. LR was selected in our experiments as an alternative to amniotic fluid to allow for breathing movements and airway pressure transduction, and because its electrolyte composition is comparable to that of amniotic fluid [27] . While this seemed to improve lung maturation, we still observed greater-than-expected lung injury. Furthermore, LR appeared to be absorbed into the circulation via the airways over time, necessitating the addition of fluid to the airways, and a wider variation in airway pressure, systemic fluid, and electrolyte shifts. PFCs have also been shown to promote lung development. They are inert, nontoxic, high-density, low-viscosity liquids that are excellent carriers of both oxygen and CO 2 [28] . This gas-carrying capacity led to PFC use in liquid ventilation in both adult and pediatric trials [29, 30] . More importantly, the high density of PFCs and their ability to increase pulmonary compliance allows for PFCinduced lung growth, which has been seen both in animal models and in infants with CDH [14, 15, 28, 30] . Unlike TO, PFCs have been shown to increase surfactant production in animal models [17] and decrease inflammation and oxidative injury when used intratracheally [16, 18] .
These effects of PFCs are highly desirable during AP support. Our system did not utilize liquid ventilation, as our goal was to minimize alveolar oxygen tension, to avoid pulmonary vasodilation and the reversal of fetal circulation. The effects of PFCs on gas exchange were minimal, as shown by the preservation of the fetal circulation and the stability of low oxygen tension at a stable circuit flow. However, the effects of PFCs on lung development and injury in our ovine model were notable. Of particular interest was the increased surfactant production; this was limited with TO. Since surfactant deficiency is associated with respiratory distress syndrome, a common complication of prematurity, we would expect that maximizing surfactant production would optimize the chances of successfully weaning a premature infant from AP support to breathing.
Our study was limited by a lack of lung functional assessment following AP support. However, we have previously reported that, after 10 days of AP support, lambs could be transitioned to mechanical ventilation with lung mechanics similar to gestational age-matched controls [10] . These experiments were primarily performed using TO or LR airway management strategies, so we expect that PFC-filled lungs will transition to ventilation with even greater success. Additionally, the complexity of our model represents a limitation. By nature, these lambs have multiple problems; to address these problems, certain aspects of care must be adjusted. However, as our experience in caring for these animals has grown, we have standardized IV nutrition, nearly eliminated the need for vasopressors, and discontinued persistent sedation in order to allow the animals to breathe PFCs and move spontaneously. Future directions will include utilizing the AP to rescue premature lambs from failed mechanical ventilation, standardizing the process of weaning from AP support, and optimizing critical care following weaning, to allow for long-term survival.
Conclusion
Instillation of PFCs intratracheally during AP support minimizes lung injury and maximizes lung development. We therefore propose that the use of PFCs represents the ideal airway management strategy during support with the AP.
